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penetration and colonization causing remarkable decrease on the amount of photosynthetically leaf area as the lesions coalesce to form a zonate pattern (Barthe et al., 2007; Onesirosan, Mabuni et al., 1975) . The main effects caused by pathogens infection on the photosynthetic apparatus of their hosts consist of reductions in gas exchange rates, impairment in energy dissipation via chlorophyll (Chl) a fluorescence, increases in foliar temperature, structural damage to the chloroplasts that contributes to reduced pigments concentration, disruption of carbon and nitrogen metabolism, limitations in mesophyll conductance and biochemical constraints (Barón, Flexas, & Delucia, 2012; Berger, Sinha, & Roitsch, 2007) . These changes occurring in asymptomatic leaf tissue may be equal, proportionally greater or proportionally smaller than the corresponding infected leaf tissue (Owera, Farrar, & Whitbread, 1981; Shtienberg, 1992) and can dramatically impact other physiological processes especially the activation of some mechanisms of defence (Rohácek, 2002; Scholes & Rolfe, 2009 ).
The Chl a fluorescence is a sensitive, nondestructive and noninvasive technique that provides invaluable information regarding the physiological state of infected plants (Berger et al., 2007) .
Moreover, it is a quantitative measure of both photochemical and nonphotochemical energy dissipation processes occurring on leaves exposed to any stress (Kramer, Johnson, Kirats, & Edwards, 2004; Rohácek, 2002) . The composition of the pigment systems, excitation energy transfer, physical changes in pigment-protein complexes, primary photochemistry and rate of electron transfer reactions in photosystem II are the most critical information obtained based on the intensity of Chl a fluorescence in the chloroplasts (Govindjee, 2004) . For the barley-Rhynchosporium secalis (Martin, 1986) , bean-Colletotrichum lindemuthianum (Lopes & Berger, 2001 ), coffee-Hemileia vastatrix (Honorato Júnior, Zambolim, Duarte, Aucique-Pérez, & Rodrigues, 2015) , rice-Monographella albescens (Tatagiba, Neves, Bitti, & Rodrigues, 2016) and soya bean-Colletotrichum truncatum (Dias, Araujo, Chaves, DaMatta, & Rodrigues, 2018) interactions, photosynthesis rates were reduced due to an impairment in the functional leaf area and reduction in the photosynthetic efficiency of the remaining amount of green leaf tissue. On the other hand, barley leaves infected by Puccinia hordei displayed a reduced number of functional chloroplasts and lowered chlorophylls concentration (Owera et al., 1981) .
The present study aimed to examine the C. cassiicola-induced perturbations in photosynthesis in soya bean leaflets by using the Chl a fluorescence imaging technique and determining the concentration of photosynthetic pigment pools. (Dallagnol, Rodrigues, Tanaka, Amorim, & Camargo, 2012) . Plants were watered with deionized water as needed and kept in a greenhouse (temperature of 30 ± 5°C and relative humidity of 65 ± 5%) until 35 days after sowing (V4 growth stage) (Fehr, Caviness, Burmood, & Pennington, 1971 ).
| MATERIAL AND ME THODS

| Plant material and growing conditions
| Inoculation procedure
The isolate UFV-DFP Cc22 of C. cassiicola was used to inoculate the plants. This isolate was preserved using the Castellani's method, in which five plugs of potato-dextrose-agar (PDA) medium containing fungal mycelium (5 mm diameter) were placed in a flask containing 5 ml of distilled sterilized water (Dhingra & Sinclair, 1995) . At 14 days before inoculation, plugs of mycelium from cultures grown on PDA were placed in Petri dishes containing carrot leaf-pea-dextrose-agar (CL-PeDA) medium (Fortunato et al., 2015) . Three days old fragments of fungal mycelia were transferred and homogenously spread onto a fresh plate containing CL-PeDA medium and placed in a growth chamber with a 12-hr photoperiod at 25°C for 4 days. After this period, fungal mycelia were carefully removed using a Drigalski spatula in a laminar flow chamber to induce sporulation . The plates were maintained in a growth chamber under continuous white light (40 W lamps alternately distributed to provide a light intensity of 165 μmol s −1 m −2 ) for 6 days until conidia were produced. Conidia were carefully removed from the Petri dishes with a soft-bristle brush using water containing gelatin (1% w/v). Plants were inoculated with a conidial suspension of C. cassiicola (5 × 10 4 conidia/ml) (10 ml/plant), which was applied as a fine mist using a VL airbrush atomizer (Paache Airbrush Co., Chicago, IL)
to both adaxial and abaxial leaf surfaces of each plant. After inoculation, plants were maintained in a plastic mist growth chamber inside a greenhouse (day length of 12.5 hr and maximum natural photon flux density at plant canopy of 975 μmol m −2 s −1 ) for the duration of the experiments. The relative humidity was maintained at 90 ± 5% using a misting system that sprayed mist from nozzles (model NEB-100, KGF Co., São Paulo, Brazil) above the plants' canopies for 15 s every 30 min. The temperature and relative humidity were measured with a thermohygrograph (TH-508, Impac, Brazil).
| Disease assessment
Target spot severity was evaluated on the three leaflets of the fourth leaf of each plant per replication of each treatment at 4, 6, 8 and 10 days after inoculation (dai) using a diagrammatic scale proposed by Soares, Godoy, and Oliveira (2009). The area under disease progress curve (AUDPC) for each leaflet in each plant was computed using the trapezoidal integration of the target spot progress curve (Shaner & Finney, 1977) .
| Determination of chlorophyll (Chl) a fluorescence
Images and parameters of Chl a fluorescence were determined on the three leaflets of the fourth leaf, from base to apex, at 4, 6, 8 and 10 dai using the MAXI version of the Imaging-PAM fluorometer and the Imaging Win software (Heinz Walz GmbH, Effeltrich, Germany).
The Chl a fluorescence emission transients were captured by a CCD (charge-coupled device) camera with a resolution of 640 × 480 pixels in a visible sample area of 24 × 32 mm on each leaf. Initially, the leaves were dark-adapted for 60 min after which they were carefully and individually fixed in support at a distance of 18.5 cm from the CCD camera. Leaf tissues were then exposed to a weak, modu- (10 Hz) was applied for 0.8 s to ensure the maximum fluorescence emission (F m ) when all the PSII reaction centres were "closed".
From these initial measurements, the maximum PSII photochemical efficiency of the dark-adapted leaves was estimated through the variable-to-maximum Chl a fluorescence ratio as follows: The light-adapted initial fluorescence (F 0 ′) was estimated according to Oxborough and Baker (1997) . Following the calculations of Kramer et al. (2004) 
| Determination of the concentration of photosynthetic pigments
The concentrations of Chl a, Chl b and carotenoids were determined using dimethyl sulfoxide (DMSO) as an extractor (Wellburn, 1994) .
Five leaf discs (10 mm in diameter) were punched from each leaflet of the fourth leaf in each noninoculated and inoculated plant at 4, 
| Experimental design and statistical analysis
Two experiments (Experiments 1 and 2), consisting of two treatments and Experiments 3 and 4 could be combined (Moore & Dixon, 2015) .
For AUDPC, only the two cultivars were considered in the ANOVA.
For the Chl a fluorescence parameters, the ANOVA was considered a 2 × 4 factorial experiment consisting of two cultivars and four sampling times (4, 6, 8 and ten dai). For the Chl a+b concentration and the Chl a+b /carotenoids ratio, the ANOVA was considered a 2 × 2 factorial experiment consisting of two cultivars and noninoculated or inoculated plants. Data from all variables were analysed by ANOVA and means from the treatments were compared by the F-test (p ≤ 0.05) using SAS (version 6.12; SAS Institute, Inc., Cary, NC).
| RE SULTS
| AUDPC
The factor cultivar (C) was significant for AUDPC (p ≤ 0.001) and the 
| Concentration of photosynthetic pigments
The 
| Parameters and imaging of Chl a fluorescence
The parameters F v /F m , Y(II), Y(NPQ), Y(NO) and ETR were significantly influenced by at least one of the factors studied as well as by some of the two-way interactions (Table 1) (Table 2) . 
| Pearson correlation
| D ISCUSS I ON
To the best of the authors' knowledge, the present study is the first to report that the photosynthetic performance, denoted by examining Changes in photosynthesis rates in many host-pathogen interactions have been intensively investigated using the Chl a fluorescence imaging technique (Scholes & Rolfe, 2009; Tatagiba, DaMatta, & Rodrigues, 2015) . In general, the damage caused by pathogens of different lifestyles (biotrophics, hemibiotrophics and necrotrophics) on the leaf can be detected due to an decrease on A, g s , E and F v /F m values (Debona et al., 2014; Dias et al., 2018; Honorato Júnior et al., 2015; Lopes & Berger, 2001; Rolfe & Scholes, 2010; Tatagiba et al., 2015 Tatagiba et al., , 2016 . For reflecting the quantum efficiency of the PSII, the F v /F m parameter has been used as an excellent indicator of how the plants can support a certain level of stress (Maxwell & Johnson, 2000) . In nonstressed plants, the F v /F m can fluctuate between 0.8 and 0.83, but it sharply decreases on stressed plants due to photoinhibition and damage to the PSII (Björkman & Powles, 1984) . In the present study, the The reduction of photosynthesis rates in the leaves infected by pathogens of different lifestyles can occur due to reduction or destruction of chlorophyll molecules or chloroplasts results in chlorotic and necrotic leaf tissue (Bassanezi, Amorim, Bergamin Filho, & Berger, 2002; Dallagnol, Rodrigues, Martins, Cavatte, & DaMatta, 2011; Debona et al., 2014) . and Y(NO) parameters in the inoculated leaflets may be explained, at least in part, by the nonhost selective toxins and hydrolytic enzymes released by C. cassiicola which contribute to cause intense leaf tissue disorganization and further necrosis (Fortunato et al., 2015) . For the Arabidopsis thaliana-Pseudomonas syringae, Nicotiana benthamiana-P.
syringae and rice-Monographella albescens interactions, the F v /F m parameter significantly decreased on diseased leaf tissue compared to nondiseased ones (Bonfig, Schreiber, Gabler, Roitsch, & Berger, 2006; Iqbal, Goodwin, Leonardos, & Grodzinsli, 2012; Tatagiba et al., 2015) .
Based on the results from the present study, it can be concluded that Chl a fluorescence imaging was an excellent tool to describe the loss of functionality of the photosynthetic apparatus of soya bean leaflets infected by C. cassiicola.
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